1. Introduction {#sec1}
===============

Idiopathic Pulmonary Fibrosis (IPF), one of the most common ILDs (interstitial lung diseases), is a chronic, irreversible and fatal lung disease characterized by scarring and thickening of the interstitial tissue in the lung leading to dyspnea and, finally, respiratory failure. Notably, IPF is characterized by changed in the lung alveolar epithelium, fibroblast foci accumulation, and exaggerated extracellular matrix proteins deposition \[[@bib1]\]. IPF histology is characterized by an usual interstitial pneumonia pattern, including honeycombing in lower lobes and subpleural regions \[[@bib2]\] accompanied by myofibroblast foci located in the more dense fibrotic areas, and the accumulation of hyperplastic type II alveolar epithelial cells (AECII) and the reduction of type I alveolar epithelial cells \[[@bib3]\]. Diagnosis of IPF is still a challenge (probably leading to under diagnosis) and it is based on a combination of factors like the presence of dyspnea, cough and impaired gas exchange accompanied with the occurrence of abnormalities in chest imaging. IPF presents a mean survival of 3--5 years after diagnosis. Two approved drugs, pirfenidone and nintedanib show a modest benefit at reducing the lung function decline in one year \[[@bib4]\]. New meta-analysis and extended 3-year survival studies show that pirfenidone has a survival benefit in an IPF cohort \[[@bib5]\]. Nevertheless, the complete mechanism of action of these drugs is still unknown, maintaining a significant interest to generate new and more effective therapies \[[@bib6],[@bib7]\].

The most prominent risk factor for IPF is aging. IPF increases its prevalence and incidence with age and typically is diagnosed in the sixth and seventh decades of life. Two-thirds of IPF patients are over 60 years at the time of diagnosis \[[@bib8]\]. Incidence increased with age, from 1.1 new cases of IPF per 100,000 person-years in individuals among 18-34 year-old to up to 19.3 in individuals who are \>55 year-old \[[@bib9]\]. The risk of IPF is up to 7 times higher in the population 70 years old and older \[[@bib10]\]. Raghu et al., in 2006 estimated that the prevalence of IPF increased from 4 to 227 per 100,000 persons in the population 75 years or older compared to people younger than 35 years old \[[@bib8]\]. After a decade, the revised epidemiology data showed an increased as high as 400 cases per 100,000 people in patients over 65 years old \[[@bib11]\]. Several studies have confirmed the increasing trend of IPF prevalence with age, labelling IPF as an age-related lung disease \[[@bib12]\].

Aging can be defined as a degenerative process due to accumulation of extrinsic and intrinsic damages that results in cellular dysfunction, altered tissue response and finally death \[[@bib13]\]. In order to simplify the study and understanding of the complex mechanisms behind the aging process, nine hallmarks of aging were proposed \[[@bib14],[@bib15]\]. Those common biochemical processes include genomic instability, telomere shortening, epigenetic alterations, loss in the homeostasis of proteostasis, dysregulated nutrient sensing, mitochondrial dysfunction, senescence, stem cell exhaustion, and altered intercellular communication. All of these pathways are found, and even exacerbated, in IPF \[[@bib1],[@bib16], [@bib17], [@bib18], [@bib19], [@bib20], [@bib21], [@bib22]\].

Mitochondria act as a central hub in the mammalian cell; its homeostasis and precise function is critical to ensure cell fitness and assure cell survival. In this organelle, multiple signaling pathways converge and interact to regulate the linked processes of mitochondrial energetics, biogenesis, production of reactive oxygen species (ROS), mitochondrial DNA (mtDNA) preservation and repair, mitophagy and mitochondria-nucleus communication \[[@bib17]\]. As the cell age, its mitochondria accumulate abnormalities including morphological alterations (rounded appearance, loss of cristae and inner membranes), reduction in biogenesis, less mtDNA copy numbers but increased mtDNA mutations, leading to functional failure of the respiratory chain capacity and ATP production \[[@bib16]\]. In addition, mitochondrial dysfunction is present in aged-related lung diseases \[[@bib23]\]. In IPF, many of these regulatory mechanisms that control mitochondrial function are dysregulated in the lung epithelial cells, fibroblasts, and macrophages \[[@bib16],[@bib17]\] resulting in a maladaptation to cellular stress, creating a vulnerable environment to injury that results in the development of pulmonary fibrosis \[[@bib24], [@bib25], [@bib26], [@bib27], [@bib28]\]. In this review, we will discuss how mitochondrial dysfunction affects different lung cell populations in the context of IPF, with a focus on epithelial cells, fibroblasts and alveolar macrophages ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1**Mitochondrial dysfunction in the IPF lung: origins and consequences.** The loss of mitochondria homeostasis is a common aspect of the fibrotic lung and can appear at different stages of the mitochondria life cycle. In the IPF lung, the specific features of mitochondrial dysfunction (in red) exhibited are cell-type dependent, triggering an array of diverse metabolic changes and alteration (in blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article).Fig. 1

2. Aspects of mitochondrial dysfunction in pulmonary fibrosis {#sec2}
=============================================================

In the last decades, the knowledge of the role of mitochondria in normal physiology as well as the onset and progression of diseases has increased dramatically. While generating the vast majority of ATP, mitochondria consume oxygen and produce reactive oxygen species (ROS). However, they also play an important role in other cellular processes, such as signal transduction, cell cycle regulation, oxidative stress, thermogenesis and apoptosis.

2.1. Defective mitochondrial bioenergetics {#sec2.1}
------------------------------------------

Mitochondria\'s most prominent role is the energy transduction to generate ATP. The production of reducing equivalents (NADH and FADH~2~) is coupled to the oxidation of acetyl-CoA (derived from the citric acid via the TCA --tricarboxylic acid cycle, from pyruvate by glycolysis or from the beta-oxidation of fatty acids). The redox energy stored in those reducing equivalents can be transferred to oxygen (O~2~), in a process known as oxidative phosphorylation or OXPHOS, to generate a proton gradient that will power a molecular motor (ATP synthase) linked to ATP production. Natural byproducts of the mitochondrial respiration are superoxide anion (O~2~^−·^), hydroxyl radical (OH•) and hydrogen peroxide (H~2~O~2~) \[[@bib29]\]. These mitochondrial reactive oxygen species (mtROS) have a fundamental signaling role and are able to increase the antioxidant capacity of the cell through a process call mitohormesis \[[@bib30]\]. This is a tightly regulated signaling mechanisms that is key to orchestrate cell responses to injury. However, in higher concentrations (due to sustained production -usually related with mitochondria injury and dysfunction), mtROS will cause oxidative damage to mitochondrial DNA (mtDNA), lipids and proteins leading to uncoupling of the electron transport chain (ETC) and/or calcium imbalance. As mtROS increase to non-physiological levels (when the established robust antioxidant defense mechanisms of the cell cannot cope with this ROS production), mtROS can leak to the cytosol and activate a plethora of inflammatory mediators such as nuclear factor-kappa B (NF-κB), tumor necrosis factor alpha (TNF-α), nucleotide oligomerization domain-like receptor protein 3 (NLRP3) inflammasome, and activator protein-1 (AP-1) \[[@bib31]\]. Low levels of superoxide free radicals stimulate the proliferation of fibroblast \[[@bib32]\] that can be inhibited by free radical scavengers. In addition, TGF-β1 stimulated normal fibroblast an IPF derived myofibroblast can secrete H~2~O~2~ and, in a paracrine way, induce apoptosis in the alveolar epithelial cells \[[@bib33]\]. Lastly, these oxidative species are closely involved in the expression and regulation of the matrix metalloproteinases (MMPs) and tissue inhibitors of MMPs, leading to changes in the deposition and degradation of the extracellular matrix \[[@bib34]\].

Reduced mitochondrial respiration and oxygen consumption; in tandem with decreased ATP production and increased mitochondrial ROS production have been identified in lung tissue from IPF patients \[[@bib24],[@bib35]\] ([Table 1](#tbl1){ref-type="table"}). In primary cells, type II alveolar epithelial cells (AECII) from IPF lungs show reduced ETC complex I and IV activity \[[@bib24]\]. Primary IPF fibroblasts show reduced ATP production linked to rate of oxygen consumption \[[@bib36],[@bib37]\] and increased mitochondrial ROS \[[@bib38]\]. While in IPF primary alveolar macrophages the expression of mitochondria-encoded OXPHOS genes is decreased and the production of mtROS is significantly increased \[[@bib26],[@bib39],[@bib40]\].Table 1Mitochondrial dysfunction in lung fibrosis.Table 1FeatureChangeModelReferencesMitochondrial respirationDecreased ETC complex activity, lower OCRIPF total lung\[[@bib24],[@bib35]\]IPF lung fibroblasts\[[@bib36],[@bib37]\]IPF AECII\[[@bib24]\]Murine macrophages\[[@bib141]\]Murine AECII\[[@bib24],[@bib25],[@bib43]\]MHV68 mouse model\[[@bib24]\]ATP productionDecreasedIPF lung fibroblasts\[[@bib36]\]Mitochondrial reactive oxygen speciesIncreasedBleomycin mouse model\[[@bib41]\]Asbestosis mouse model\[[@bib41]\]IPF alveolar macrophages\[[@bib26],[@bib39],[@bib40]\]IPF lung fibroblasts\[[@bib38]\]Asbestosis alveolar macrophages\[[@bib52]\]IPF total lung\[[@bib35]\]Mitochondrial biogenesisDecreaseIPF fibroblast\[[@bib50]\]Bleomycin mouse model\[[@bib25],[@bib50]\]IncreasedAsbestosis alveolar macrophages\[[@bib52]\]Asbestosis mouse model\[[@bib52]\]Mitochondrial dynamicsImbalancedMHV68 mouse model\[[@bib24]\]Murine AECII\[[@bib56]\]Bleomycin mouse model\[[@bib56],[@bib117]\]Mitophagy alterationsReduced levels of mediators of mitochondrial quality control in epithelial cells and fibroblastsIPF lung\[[@bib24],[@bib28],[@bib44]\]IPF AECII\[[@bib24]\]IPF lung fibroblasts\[[@bib28]\]Human bronchial epithelial cells\[[@bib44]\]Bleomycin mouse model\[[@bib28],[@bib58],[@bib59]\]MHV68 mouse model\[[@bib24]\]Increased mitophagy in macrophagesIPF alveolar macrophages\[[@bib26]\]Bleomycin mouse model\[[@bib26]\]Silicosis mouse model\[[@bib60]\]mtDNAIncreased oxidative damage, insufficient mtDNA repairIPF total lung\[[@bib24],[@bib46]\]Human AECII\[[@bib24],[@bib45]\]Murine AECII\[[@bib41]\]Bleomycin mouse model\[[@bib41],[@bib77]\]Asbestosis mouse model\[[@bib41],[@bib77],[@bib78]\]increased presence of the common mtDNA deletionIPF total lung30940853 \[[@bib35]\][^1]

This bioenergetics dysfunction has been also found in different experimental models of lung fibrosis \[[@bib24],[@bib41]\]. High mtROS was detected in mice lungs following exposure to asbestos or bleomycin \[[@bib27],[@bib41]\]. Carter et al. showed mitochondrial H~2~O~2~ production in alveolar macrophages from asbestosis patients and from murine models through Ras-related C3 botulinum toxin substrate (Rac1) protein \[[@bib42]\]. In addition, Akt1 (RAC-alpha serine and/or threonine-protein kinase) enhances the production of mitochondrial ROS. Mice harboring a conditional deletion of Akt1 in macrophages decreased TGF-β1 expression and fibroblast differentiation. Furthermore, these macrophage-Akt1 deficient mice were protected from pulmonary fibrosis triggered by asbestos through an increased activation of mitophagy \[[@bib26]\]. On the other hand, mice that overexpress mitochondria-targeted human catalase (acting as a ROS scavenger) show protective effects in these models of lung fibrosis \[[@bib41]\] cementing the role of mtROS as a powerful mediator in the pathological fibrotic response.

Finally, a profibrotic milieu can lead to mitochondrial dysfunction. In vitro, TGF-β1 treatment of epithelial cells reduces mitochondrial ETC activity, particularly in complex IV, resulting in loss of mitochondrial transmembrane potential and increased production of mtROS \[[@bib43]\]. In addition, increased ROS in epithelial cells can oxidize and activate latent TGF-β1 fueling the recruitment of fibroblast \[[@bib44]\] while primary murine and human AECII housing dysfunctional mitochondria also increase TGF-β1 transcript levels \[[@bib24],[@bib45],[@bib46]\].

2.2. Changes in mitochondrial life cycle: biogenesis and fusion-fission dynamics {#sec2.2}
--------------------------------------------------------------------------------

Cells depend on the energy generated in their mitochondria. It is not only the number of mitochondria key in the health status of the cell, but their functional state, which greatly depends on biogenesis and dynamics (including fusion, fission and mitophagy). Mitochondrial biogenesis is controlled by PPARγ coactivator-1α (PGC-1α) and PGC-1β signaling pathways. These are tightly regulated signaling cascades implicating the nuclear respiration transcription factors 1 and 2 (NRF1 and NRF2). NRFs, when co-activated by PGC-1α/β, upregulate expression of the electron transfer chain (ETC) subunits encoded by the nuclear genome and bind to the promoters of genes involved in mtDNA transcription \[[@bib47]\]. As the organism ages, the capacity for mitochondrial biogenesis declines by the reduction in activity of upstream activators of PGC-1α/β such as AMP-activated protein kinase (AMPK) as well as SIRT1 \[[@bib48],[@bib49]\].

Expression of PGC-1α is reduced in primary lung fibroblast isolated from IPF patients and in fibrotic mouse lungs \[[@bib50]\]. Reinforcing the role of aging in the susceptibility of lung fibrosis, young mice treated with bleomycin show an initial reduction of PGC-1α that later recovers to allow fibrosis resolution ([Table 1](#tbl1){ref-type="table"}). In contrast, after the same bleomycin treatment, old mice are not able to upregulate PGC-1α in the resolution phase, showing low levels of PGC-1α leading to persistent fibrosis \[[@bib50]\]. Finally, mice deficient in PGC-1α are more susceptible to bleomycin-induced lung fibrosis \[[@bib25]\]. Additionally, the ROS-producing enzyme NADPH oxidase-4 (NOX4), which is upregulated in IPF lung myofibroblasts, reduces mitochondrial biogenesis through direct effect on NRF2 expression independently of PGC-1α \[[@bib51]\].

On the other hand, NOX4 (through an upregulation of mitochondrial ROS production) induces mitochondrial biogenesis in macrophages \[[@bib52]\]. NOX4 is highly expressed in alveolar macrophages of subjects with asbestosis promoting a profibrotic phenotype. In addition, mice depleted of NOX4 in lung macrophages were protected from asbestos-induced fibrosis. In the case of macrophages, PGC-1α is required for this NOX4-dependent upregulation of mitochondrial biogenesis \[[@bib52]\].

Mitochondrial networks are continuously remodeling, undergoing fusion and fission, to allow rapid diffusion of matrix proteins (also spreading metabolites and mtDNA through the network) while the location of the membrane bound respiratory complexes is controlled \[[@bib53],[@bib54]\]. As the mitochondria age, it reduces its mitochondrial membrane potential (also known as mitochondria depolarization) resulting in a slowly reducing respiratory capacity and gradual deterioration. Beyond its role in morphology, these cycles of fusion/fission work as a very efficient mitochondrial quality control mechanism. They allow for the isolation of damaged (depolarized) mitochondria that need to be disconnected from the functional mitochondrial network. As isolated entities, they can be evaluated to be rescued or to be eliminated by mitophagy (the selective degradation of mitochondria by autophagy) \[[@bib55]\]. In IPF lungs and in murine models of lung fibrosis, mitochondrial dynamics are severely imbalance in alveolar epithelial cells ([Table 1](#tbl1){ref-type="table"}). An upregulation of mitochondrial fusion markers was found in virus-induced lung fibrosis models; while in bleomycin treated mice, altered mitochondrial dynamics lead to mitochondrial fragmentation \[[@bib24],[@bib56]\].

2.3. Mitophagy alterations in the IPF lung {#sec2.3}
------------------------------------------

Mitophagy can be divided in two phases: the induction of canonical autophagy and the recruitment of mitochondria. The autophagy induction phase relies in the expression of Atg (autophagy-related protein) proteins and the upregulation and recruitment of LC3 (microtubule-associated protein 1A/1B-light chain 3) to autophagosomal membranes with the adaptor molecule p62. The recruitment of mitochondria can be started by multiple mechanisms that could be Parkin dependent or independent. In the Parkin dependent pathway, loss of mitochondrial potential leads to impaired PARL (presenilins-associated rhomboid-like protein)-mediated PINK1 (PTEN-induced putative kinase 1) cleavage, leading to PINK1 stabilization and recruitment and ubiquitination of Parkin. Damaged mitochondria (particularly upon hypoxic damage) may increase the expression of FUNDC1 (FUN14 domain containing 1) and Nix (BNIP3L) in the outer mitochondrial membrane, which directly recruit autophagosomes by interaction with LC3 \[[@bib57]\].

Ultrastructural micrography of IPF lungs showed an increased number of mitochondria in AECIIs when compared with aged--matched lungs ([Table 1](#tbl1){ref-type="table"}). These accumulated organelles presented a swollen phenotype with aberrant cristae morphology and where co-localized in areas of the lung with increased expression of endoplasmic reticulum stress (ER stress) markers. Our studies demonstrated that primary AECII from IPF lungs are deficient in PINK1 resulting in the accumulation dysfunctional mitochondria with reduced electron transport chain activity \[[@bib24]\]. In addition, the same AECIIs upregulated the expression of ATF3 (activating transcription factor 3), a negative transcriptional regulator if PINK1, suggesting that this factor (intimately link with the chronic induction of ER stress) may play a crucial role in age‐related susceptibility to mitochondrial dysfunction and lung fibrosis \[[@bib45]\]. Finally, IPF lungs show a reduced expression of Parkin that can modulate the differentiation of primary IPF fibroblast into myofibroblast through the regulation of the platelet-derived growth factor receptor phosphorylation \[[@bib28]\]. In animal models, both PINK1 −/− and Parkin −/− mice were more susceptible to experimental lung fibrosis \[[@bib24],[@bib28],[@bib44]\]. In contrast, conditional AECII ATF3 knockout mice were protected against bleomycin-induced pulmonary fibrosis \[[@bib45]\]. Recent reports \[[@bib58]\] highlight the role of mitochondrial homeostasis and quality control in the context of the origin of the mitochondrial damage. Epithelial cells derived from PINK1 deficient mice showed increased production of reactive oxygen species and cell death in response to TGF-β1, which reinforced PINK1\'s protective role against TGF-β1 fibrotic responses \[[@bib44]\]. In addition, epithelial cells with decreased PINK1 expression show low mitochondrial membrane potential and upregulated expression of profibrotic factors \[[@bib24],[@bib46]\]. In culture fibroblast, Parkin is involved in the ROS-mediated myofibroblast differentiation \[[@bib28]\] while PINK1 appeared to regulate the TGF-β-induced myofibroblast differentiation \[[@bib59]\].

In contrast, isolated IPF alveolar macrophages exhibit a profibrotic phenotype with resistance to apoptosis \[[@bib26]\] and have been established as the main source of TGF-β1. Increased activation of protein kinase B (Akt1) with a concomitant upregulation of mitochondrial ROS production induce mitophagy as a protective measure. Mitophagy modulates macrophage apoptosis that stabilizes macrophages to release TGF-β1 and stimulate local fibroblast activation. Blocking mitophagy in alveolar macrophages is protective against bleomycin-induced fibrosis \[[@bib26]\]. In agreement with these results, new studies have shown that autophagy activation reduced alveolar macrophage apoptosis in models of silicosis \[[@bib60]\]. This finding exemplifies the role of mitophagy as an adaptive survival response that is cell-type specific and, in this case, serves to preserve and promote macrophage signaling necessary for repair and resolution.

2.4. Mitochondrial DNA damage and repair {#sec2.4}
----------------------------------------

Human mitochondrial DNA is a multi-copied, super-coiled, double-stranded, closed circular genome of approximately 16.5 kilobases. It encodes 37 intron-free genes that translate into 2 ribosomal RNAs (12S and 16S rRNAs), 22 transfer RNAs (tRNAs) and 13 proteins \[[@bib61]\]. Mitochondrial DNA (mtDNA) replication is cell cycle-independent; however, its replication and transcription machinery is not self-supported depending heavily on imported nuclear gene products as the DNA polymerase γ (pol γ), the mtDNA helicase (like Twinkle), the mitochondrial RNA polymerase (mtRPOL) or the mitochondrial transcription factor A (Tfam) \[[@bib62],[@bib63]\]. The fact that all the proteins in the oxidative phosphorylation (OXPHOS) system are encoded in the mtDNA (except the nuclear DNA-encoded complex II), makes the maintenance of its integrity critical. So to accomplish it, mitochondria have deployed different mtDNA repair pathways to cope with replication errors or other types of damage \[[@bib64]\]. One of the most common lesions in the mtDNA is the oxidation of guanidine to 8-oxoguanine, which can be repaired by a base excision repair mechanism \[[@bib65]\]. There is also evidence of other pathways of DNA repair in the mitochondria such as double-strand break repair, direct reversal and mismatch repair \[[@bib66]\].

Aging has been reported to affect mtDNA transcription activity and replication control. Age-related differences in the amount of mtDNA transcript levels correlate with lower synthesis rates and oxidative enzyme activities \[[@bib67]\] and it is concomitant with an increase in the mtDNA mutation accumulation \[[@bib68]\]. In addition, mtDNA copy numbers can change during the course of life. In the case of the lung, mtDNA copies seemed to be statistically different with age \[[@bib69]\] and also to change greatly in cases of age-related pulmonary diseases \[[@bib24],[@bib46],[@bib69],[@bib70]\]. Michikawa et al. reported a higher accumulation of point mutations at the control replication region (D-loop) with age, with some mutation only appearing in the elderly population \[[@bib71]\]. Nevertheless, other sites of the mtDNA sequence can undergo an age-related accumulation of point mutations or specific deletions \[[@bib72]\]. For example, the appearance and accumulation of a common deletion (4977 bp deletion between nucleotides 8470 and 13447) is more frequent in the erderly population \[[@bib73]\] and, though it can has a tissue-specific distribution \[[@bib74]\], it has been detected in the aged lung \[[@bib75]\]. When comparing aged-matched controls and IPF patients, the common mtDNA deletion was present at low levels in control while it was significantly more frequent in the disease lung \[[@bib35]\].

There is early evidence that mitochondria DNA oxidative damage could probably have a role in lung fibrosis ([Table 1](#tbl1){ref-type="table"}). In a proteomics analysis of IPF lung, the expression of DNA damage protein was upregulated \[[@bib76]\]. As previously mentioned, the most common ROS-induced mtDNA lesion is the adduct 8-hydroxyguanine (8-oxo-G), that can lead to a transversion mutation by mispairing during replication. Mitochondrial DNA isolated from IPF lungs show differences in copy numbers \[[@bib24]\] and a higher rate of DNA lesions by long extension PCR when compared to control lungs \[[@bib46]\]. In addition, increased 8-hydroxy-2′-deoxyguanosine (8-OH-dG) content per μg of isolated mtDNA was found in lungs from IPF patients and age-matched donor control when compared with young donor lungs \[[@bib46]\]. The enzyme best characterized in mtDNA repair is 8-oxoguanine DNA glycosylase 1 (OGG1). OGG1 corrects the 8-hydroxyguanine lesion through the base excision repair mechanism. In animal models, OGG1 deficient mice show increased susceptibility to asbestos-induced pulmonary fibrosis by increasing AECII mtDNA damage and apoptosis \[[@bib27]\]. What is becoming clear is the involvement of mitochondrial ROS in pulmonary fibrosis, since in both bleomycin and asbestos-induced model of lung fibrosis, a transgenic mouse over-expressing catalase in the mitochondria show reduced fibrosis, AECII mtROS, mtDNA damage and apoptosis \[[@bib41]\]. In addition, the aforementioned effects seem to be amplified in the Sirtuin 3 deficient mice opening the possibility that the acetylation/deacetylation state of mitochondrial ROS detoxifying enzymes plays also an important role in the preservation of mtDNA \[[@bib77]\]. Also, the benefits of the mtDNA preservation in AECII has been shown in the presence of the antiaging molecular Klotho \[[@bib78]\]. Finally, Jeager at al investigated the role of large-scale somatically acquired mutations in mitochondrial DNA \[[@bib35]\] and its relationship with respiratory chain dysfunction. They found that ILD lungs (from IPF and other connective-tissue ILD) contained more malondialdehyde, a marker of ROS-production, and mtDNA deletions \[[@bib35]\]. Altogether, these data strengthen the role of mtDNA oxidation, damage and mutation with concomitant respiratory chain dysfunction in the perpetuation of the pathological production of mtROS in the fibrotic lung.

Damaged mitochondria are also the source of damage-associated molecular patterns (DAMPs) that play a key role in the propagation of inflammatory responses. DAMPs include peptides (such as TFAM and formyl-peptides), lipids (like cardiolipin), metabolites (i.e. succinate and/or ATP) and mitochondrial DNA \[[@bib79]\]. On entering the cytoplasm, mtDNA can trigger responses by activating any of this four innate immune receptors: cGAS (cytosolic cyclic GMP-AMP synthase) \[[@bib80]\], endosomal TLR9 \[[@bib46],[@bib81]\], and the two inflammasomes related receptors AIM2 (Absent In Melanoma 2) and NLRP3 (NOD, LRR and Pyrin domain-containing protein 3) \[[@bib82],[@bib83]\]. On the extracellular space, mtDNA (due to its similarities with bacteria DNA) can mediate a pro-inflammatory response through the TLR9 signaling pathway. In the lung, mtDNA has demonstrated its pro-inflammatory potential since the intravenous injection of mtDNA (accompanied with formyl-peptides) caused a severe inflammation in rats \[[@bib84]\]. However, extracellular mtDNA can also be sensed by other non-immune cells types \[[@bib85]\] and cause upregulation of pro-inflammatory a pro-fibrotic markers. Human primary fibroblast increase the expression of pro-fibrotic markers (collagen and fibronectin) and augments the expression marker of activation such as α-smooth muscle actin (αSMA) in the presence of mtDNA \[[@bib46],[@bib70]\]. In contrast, IPF-derived primary fibroblast are not sensitive to the mtDNA stimulus \[[@bib46]\]. Primary human lung epithelial cells can upregulated the release of TGF-β1 after stimulations with extracellular mtDNA, which is mediated by the activation of TLR9 \[[@bib46]\].

3. Alterations on cell metabolism in the fibrotic lung {#sec3}
======================================================

Metabolic changes are increasingly recognized as a hallmark of fibrosis across many organ types. In the field of pulmonary fibrosis, studies suggest that metabolic dysregulation acts as a pivotal contributor to the pathogenesis of the disease. Cell-type-specific metabolic changes have been described in the IPF lung. Fibrotic lung tissue in IPF has an augmented metabolic activity measured by increased fluorodeoxyglucose uptake on PET scan \[[@bib86]\]. These increased uptake correlates with disease progression and mortality \[[@bib86]\] and can be developed as a tool to stratify IPF patients \[[@bib87]\]. However, the complexity of the IPF lung is also reflected in these metabolic changes upon fibrosis, where epithelial cells shift towards a change in lipid metabolism and the fibroblast changes tend to benefit the upregulation of glycolytic pathways.

AECII display downregulation of genes involved in lipid synthesis, elongation, and metabolism identified through single-cell RNA sequencing \[[@bib88]\]. Similarly, Romero et al. recently reported that levels of stearoyl CoA desaturase (SCD1), an enzyme involved in the desaturation of fatty acids were reduced in IPF lung tissues and that pharmacological inhibition of this enzyme caused ER stress and induced fibrotic remodeling in the mouse lung \[[@bib89]\]. Additionally, alveolar macrophages in fibrotic lung tissue increase fatty acid oxidation in response to the glycolytic shift \[[@bib90]\]. Emerging evidence has demonstrated that metabolically targeted therapy might be an essential strategy for fibrosis reduction. Rangarajan et al. recently showed that metformin, an activator of AMPKα, and also an inhibitor of lipid synthesis, reverses established fibrosis in mice \[[@bib91]\]. Moreover, new reports show that fenofibrate and ciprofibrate, FDA approved drugs for lowering circulating lipids, can effectively reduce lung fibrosis in mice and decrease collagen production and myofibroblast differentiation in IPF fibroblasts \[[@bib92]\]. Thus, there is a considerable need to learn how metabolic adaptations affect repair responses to identify novel targets for new lung fibrosis therapies.

3.1. Metabolic changes and reprogramming {#sec3.1}
----------------------------------------

Now that the "omics" approaches are mastered \[[@bib93], [@bib94], [@bib95]\] and we are venturing into the new realm of single-cell RNA sequencing in complex tissue \[[@bib88],[@bib96], [@bib97], [@bib98]\], we can start to develop a comprehensive picture of the transcription and translation changes and its implication in the modification of metabolic profile in the IPF lung \[[@bib95]\] ([Table 2](#tbl2){ref-type="table"}). Combining mass spectrometry metabolomics analysis and microarray-derived gene expression, De Perrot\'s group found that IPF lung samples showed altered metabolites production and downregulated expression of key enzymes involved in several metabolic pathways, including glycolysis and key mitochondrial-related pathways such as mitochondrial beta-oxidation and tricarboxylic acid cycle \[[@bib95]\]. Recently, the potential role of the AECII damaged mitochondria was studied in detail using murine models. Mitofusin is a family of proteins fundamental to the balance of mitochondrial fusion and fission dynamics that has been shown to be upregulated in the AECII of IPF lungs \[[@bib88]\]. Mice which AECII are defective of mitofusin 1 (Mfn1) or mitofusin 2 (Mfn2) show higher susceptibility to bleomycin-induced lung fibrosis; while deletion of both, in the same cell type, induced spontaneous lung fibrosis \[[@bib56]\]. Transcriptomic analysis of those murine lungs showed upregulated purine metabolism and downregulated lipid metabolism after bleomycin \[[@bib56]\], hinting at changes in the production of lipids in AECII that can modify the surfactant synthesis with detrimental consequences in the maintenance of epithelial barrier. However, the mechanistic details of the changes in lipid metabolism (and its consequences) in the IPF lung remain elusive.Table 2Metabolic consequences of mitochondrial dysfunction in the fibrotic lung.Table 2Metabolic pathwayChangeModelReferenceLipid metabolismChanges in lipid metabolismIPF lung\[[@bib95]\]Murine AECII\[[@bib56]\]Bleomycin mouse model\[[@bib56]\]role of dietary fatsBleomycin mouse model\[[@bib101]\]IPF risk factor\[[@bib100]\]role of fatty acid receptors and free fatty acidsBleomycin mouse model\[[@bib99]\]IPF clinical trial\[[@bib142]\]GlycolysisAlterations in fibroblastIPF total lung\[[@bib37]\]IPF lung myofibroblasts\[[@bib37],[@bib109]\]Bleomycin mouse model\[[@bib37],[@bib109],[@bib143]\]Role of Fructose-1,6-BisphosphateIPF lung\[[@bib95]\]Murine fibroblast\[[@bib110]\]Bleomycin mouse model\[[@bib110],[@bib144]\]Otherlow AMPK activityIPF total lung\[[@bib91]\]Bleomycin mouse model\[[@bib91]\]role of Thyroid hormone in epithelial cellsIPF total lung\[[@bib25]\]Bleomycin mouse model\[[@bib25]\]Metabolic reprograming in macrophagesIPF alveolar macrophages\[[@bib40],[@bib113]\]Murine alveolar macrophages\[[@bib90],[@bib113]\]Bleomycin mouse model\[[@bib90],[@bib113]\]

Free fatty acids (FFA) are essential nutrients. FFA can contain medium-chain FFAs (as the decanoic acid) or long-chain FFAs, as palmitate (PA). During fasting, the FFA can be hydrolyzed from adipose triglycerides (TA) stores or from liver-derivate TA to provide energy for tissues. However, recent evidence shows that besides FFA role in the metabolic change, FFA can modulate fibrosis by the activity regulation of GPR40 and GPR84, G protein--coupled receptors with free fatty acid ligands, using the GPR84 antagonist compound PBI-4050. PBI-4050 significantly attenuated fibrosis in a variety of injury contexts in several tissue fibrosis models, including lung fibrosis \[[@bib99]\]. In addition, the fatty acid metabolism has found altered in IPF lung. For instance, there is an increment of FFA in the parenchyma, principally seen by steric acid and palmitate accumulation (a saturated FFA). In a multicenter case-control study in Japan, they authors found that a high risk of IPF was associated with the intake of mono unsaturated and n-6 polyunsaturated fatty acids \[[@bib100]\]. Chu et al. used these results to study the role of fatty acid intake (using a high-fat diet chow) in animal models of lung fibrosis. In accordance with the reported risk, a high-fatty-acid diet rich in PA results in both an increase in mortality and a higher susceptibility of developing pulmonary fibrosis (in the bleomycin mouse model) by enhancing ER stress and apoptosis of the epithelial cells \[[@bib101]\].

Cells need to maintain ATP levels to keep homeostasis and to prevent diseases \[[@bib102]\]. One of the main sources for ATP production is glucose. Glucose is the final product of the carbohydrate metabolism and it can be converted to energy by the activation of glycolysis under anaerobic conditions, by complete oxidation under aerobic conditions, and by the pentose phosphate pathway \[[@bib103], [@bib104], [@bib105]\]. Perturbation in the glycolytic pathway has been describe in the fibrotic diseases. Changes in glycolysis and fatty acid oxidation have reciprocal effect in the upregulation and downregulation of extracellular matrix deposition \[[@bib106]\]. In the lung, IPF myofibroblast not also prefers aerobic glycolysis as a first source of glucose-derived energy but glycolysis is required to initiate its differentiation, and promoting fibrosis progression \[[@bib37]\]. Myofibroblasts profibrotic phenotype including contractibility have been shown to be affected by alterations in the metabolic reprograming \[[@bib107]\] meanwhile TGF-β collagen production depends on glucose uptake Selvarajah \[[@bib108]\]. Supporting the importance of glucose metabolism in lung fibrosis, *in vivo,* attenuation of HIF-1α/PDK1--mediated glycolytic reprogramming it is enough to reduce lung fibrotic injury in the bleomycin model \[[@bib109]\].

Fructose-1,6-Bisphosphate (FBP) is an intermediate metabolite in the breakdown of glucose by glycolysis. Zhao et al. found significant less amount of FBP and phosphoenolpyruvate, another glycolytic metabolite, in IPF lungs compared with healthy counterparts. According with the author, glycolysis energy metabolism (among other metabolic pathways) are key in the pathogenesis of IPF \[[@bib95]\]. However, the fibrotic biological mechanism affected by low levels of fructose 1,6-bisphosphate remains unclear. Recently, FBP has been shown to regulate fibrosis by both directly reducing collagen expression and other extracellular matrix components and preventing their degradation in the mouse model \[[@bib110]\]. Together, these results underline the need for a better understanding of the metabolic regulation of cellular key process in the fibrosis lung. One example is the promising therapeutic option of thyroid hormone delivery in the resolution of murine fibrosis \[[@bib25]\].

Furthermore, Free Fatty Acid (FFA) metabolism can be regulated by the AMP-activated protein kinase (AMPK), a "metabolic master switch", that senses the charge of cellular energy. AMPK can both switches on FFA oxidation or switches off FFA synthesis during cellular stress \[[@bib111]\]. In the fibrotic context, AMPK activators seems to protect from lung injury that could result in fibrosis \[[@bib112]\]. In both aging, a risk fibrotic factor, as well as in IPF, AMPK activity has been found reduced which results in metabolic changes accompanied by the reduction of the autophagy activity in lung fibroblasts \[[@bib91]\]. These findings emphasize the importance of metabolic reprograming in IPF, principally in the fibroblast population. However, there is an increased interest in understand how perturbations in the metabolism derived from mitochondrial dysfunction affect other lung cell populations including macrophages.

In IPF, macrophages can play a different phagocytic and immune role depending on their subtype (31351434). Interstitial macrophages (IM), for example, act as local immune defense of the lung upon injury; while the role of the alveolar macrophages (AM) in the fibrotic pathogenesis have been recently studied. Interestingly, in murine models, the profibrotic phenotype of the AM is heavily dependent on glycolysis but not dependent on fatty acid oxidation \[[@bib90]\]. Finally, the mitochondrial calcium uniporter (MCU) regulates the mitochondrial calcium influx, which is central to sense the cellular energy status. IPF lung macrophages have increased MCU expression as well as increased calcium in the mitochondria \[[@bib113]\]. In addition, mice expressing a dominant-negative MCU in macrophages show protection in a fibrotic model due to metabolic reprograming \[[@bib113]\].

4. Mitochondrial dysfunction role in epigenetic changes and senescence {#sec4}
======================================================================

Epigenetics play a pivotal role during the aging process and have a role in various age-related diseases. Epigenetic mechanisms modulate gene activity in the absence of DNA sequence changes, including DNA methylation, histone modification, and expression of noncoding RNAs.

4.1. Modifications to the genetic material: epigenetic changes and cell-free DNA {#sec4.1}
--------------------------------------------------------------------------------

Some of the epigenetic changes found in IPF can be connected with mitochondria dysfunction and/or pathological levels of mtROS. Using a new developed imaging technique, Qian et al. were able to study the nuclear effects of mitochondrial dysfunction \[[@bib114]\]. One single event of mitochondrial singlet oxygen production is able to persist as a wave of other mtROS intermediates that can be detected in the nucleus. They were able to identify nuclear oxidative stress but no nuclear DNA strand breaks. However, DNA double-strand breaks occurred exclusively in telomeres as a direct consequence of mitochondrial dysfunction \[[@bib114]\]. These results could be reveling the missing link between mitochondria dysfunction and telomere dysfunction, both of them hallmarks of the IPF lung \[[@bib16]\].

In IPF, the expression patterns of microRNAs are dysregulated. MicroRNAs expression can both promotes and attenuates fibrosis in a target-depended manner \[[@bib115]\]. Lately, it has been shown that miR-30a may function as a novel therapeutic target for lung fibrosis by blocking mitochondrial fission mediated by Drp-1 \[[@bib116]\]. Zhang et al. found that one possible mechanism of this Drp-1 regulation could be the decreased expression level of the key enzyme TET1, which is a miR-30a target that regulates Drp-1 promoter hydroxymethylation \[[@bib117]\].

As previously mentioned, due to its ancestral bacterial origin, the hypomethylated CpG-rich mitochondrial DNA is an innate immune agonist. Exposure to extracellular circulating levels of mtDNA can promote inflammation in several manners, including the induction of inflammatory cells infiltration producing proinflammatory cytokines \[[@bib118]\] and by the promotion of extracellular neutrophil traps formations \[[@bib119]\]. New reports show that extracellular mtDNA can also activate other cells types \[[@bib46],[@bib70]\]. In IPF patients, cell-free mtDNA levels in bronchoalveolar lavage fluid (BALF) and plasma are increased compared to healthy controls \[[@bib46],[@bib70]\], and those plasma mtDNA levels can be associated with disease progression \[[@bib46],[@bib70]\] and higher mortality in patients with IPF \[[@bib70]\]. Nonetheless, still we do not have a complete picture regarding the origin of that extracellular mtDNA in the lung. It has been proposed that fibroblast could be the original source of that cell-free mtDNA \[[@bib70]\]. However, other reports show that only lung primary fibroblast derived from young donor lung differentially release mtDNA compared to old lung donor or IPF fibroblast where the extracellular mtDNA detected correlate with the leak of nuclear DNA \[[@bib46]\]. Another possible source of mtDNA could be the IPF lung epithelial cells bearing low PINK1 levels and showing dysregulation of the mitochondria homeostasis and accumulation of damaged mitochondria \[[@bib46]\]. In an extended ILD cohort, including patients diagnosed with IPF, hypersensitivity pneumonitis (HP) or autoimmune-related ILD, all showed higher levels of extracellular mtDNA in their BALF and plasma samples compared with aged-matched control. In BALF there is a striking inverse correlation between in lung expression of PINK1 and the number of mtDNA copies found in the fluid \[[@bib46]\].

4.2. Mitochondrial dysfunction is associated with senescence {#sec4.2}
------------------------------------------------------------

Senescence is a hypo-replicative state characterized in part by the expression of certain cell cycle cyclin inhibitors and the acquisition of a senescence-associated secretory phenotype (SASP). Senescence can be induced as a response to different stimuli including oxidative stress, DNA damage, and mitochondrial dysfunction. Growing evidence suggest that mitochondrial dysfunction due to mitophagy defects (including PINK1 deficiency \[[@bib45]\]), or altered NAD+/NADH ratio and increased AMPK can trigger cellular senescence \[[@bib120]\]. There are also new reports linking senescence with some of the metabolic changes discussed above and with mitochondrial ROS production (mtROS production can drive senescence through a sustained expression of p21 \[[@bib121]\]).

In lung fibroblast, defects in PGC1-α expression \[[@bib50]\]as well as low levels of ATP (because of a diminished glycolytic capacity and abnormalities in oxidative phosphorylation in primary IPF fibroblast) \[[@bib36]\] correlates with a senescence phenotype characterized by overexpression of cell cycle inhibitors. The regulation of cell cycle inhibitory proteins (such as p16INK4a overexpression) \[[@bib122],[@bib123]\] and the accumulation of DNA damage \[[@bib124]\] correlates with loss of the regenerative potential and promotion of senescence. In human primary IPF-derived AECII present a reduced regenerative potential \[[@bib125]\] while primary mouse AECII cells overexpressed senescence markers in a fibrotic model \[[@bib126],[@bib127]\]. In accordance with these findings, use of senolytics to deplete senescence cells has resulted in the attenuation of experimental lung fibrosis \[[@bib126],[@bib128]\].

Senescent cells secret a cell a specific repertoire of factors known as the senescence‐associated secretory phenotype (SASP) \[[@bib36]\]; however, epithelial cells, fibroblasts, or myofibroblasts secret a characteristic subtype of SASP, which it is composed of a defined cell-dependent subset of pro-fibrotic and pro-inflammatory cytokines \[[@bib120],[@bib126],[@bib129]\]. Recently, new insights in the mitochondria to nucleus axis show that melatonin, a pineal gland produced hormone, can regulate SASP production \[[@bib130]\] meanwhile prevents lung injury by improving mitochondrial dysfunction \[[@bib127]\].

5. Targeting mitochondria as a new therapeutic approach {#sec5}
=======================================================

After decades of research on the mechanism involved in idiopathic pulmonary fibrosis, only two therapeutic have been approved. However, few studies have shown any consistent improvement on survival. There are new targets being evaluated and new drugs in the pipeline ([Fig. 2](#fig2){ref-type="fig"}) \[[@bib3],[@bib131]\]. As we have been discussing, loss of mitochondrial homeostasis (and the metabolic changes that arise as its consequence) plays a key role in the pathophysiology of IPF. Therapies targeting mitochondria had been mainly focused on improving mitochondrial biogenesis, as well as to restore mitophagy and to prevent mitochondrial apoptosis. Therapies like urolithin A, a promoter of mitophagy, has shown to promote mitochondrial gene expression and modulate lipid metabolism in healthy elderly individuals \[[@bib132],[@bib133]\]. Furthermore, urolithin B, a metabolite of ellagitannin-rich foods, controlled inflammation and fibrosis in a preclinical model of renal fibrosis \[[@bib134]\]. In alveolar epithelial cells, it have been shown that the combination use of senolytics and antioxidants can ameliorate fibrosis by cleaning senescent cells from injured areas as well as preventing SASP signaling activation \[[@bib3]\]. Pathways that regulate SASP indirectly are also been explored as therapeutic targets. Rapamycin, for instance, limits SASP production by direct inhibition of the mTOR pathway, when other drugs inhibit other important SASP pathways \[[@bib135]\]. In the case of rupatadine, it had been found that its potent action includes preventing the activation of the p53--p21 axis and attenuating the expression of CCAAT/enhancer-binding protein-β (C/EBPβ), a positive modulator of SASP production \[[@bib136]\]. However, there is growing evidence that senolytic drugs have very strict cell-type effects suggesting that further studies are needed to advance this field \[[@bib136]\].Fig. 2**Metabolic pathways targeted by new antifibrotic drugs.** In order to maintain cellular homeostasis and prevent profibrotic events, modulation of glycolysis, fatty acid oxidation and synthesis are key. New potential therapies are in development targeting these main metabolic pathways; with some of them already at different stages in clinical trials. Drugs are highlighted in white boxes, main metabolic pathways in yellow boxes, metabolites in green and transcription factors in pink. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article).Fig. 2

Alterations in the metabolic pathways, in fibrotic conditions, have been found in metabolomics studies. Zhao et al. recently summarized the importance of targeting metabolic dysregulation as a fibrotic therapeutic option. Metabolic dysregulated pathways indirectly affected mitochondrial homeostasis \[[@bib134]\]. Targeting SIRT3 could by one part control myofibroblast transformation by inhibiting TGFβ1 signaling \[[@bib137]\] and also regulates the acetylation and function of the mitochondrial DNA repair enzyme 8-oxoguanine-DNA glycosylase-1 (OGG1), which hydrolyses oxidized guanine residues (8-Oxo-dG), reducing mtDNA damage. These results suggested a protective role of SIRT3 in injury and fibrosis \[[@bib138]\].

Lipid metabolism have also been shown affected in the fibrotic lung. Targeting regulators of fatty acid oxidation pathways is a promising option. For example, in renal fibrosis (where epithelial cells show defective fatty acid oxidation) the use of the synthetic compound C75, a fatty acid synthase inhibitor, is enough to maintain renal cell viability and to reduce fibrosis in rodent models \[[@bib139]\]. Peroxisome proliferator-activated receptors (PPARs) are a set of transcription factors, mainly regulated by fatty acids, which modulate lipid metabolism and inflammation \[[@bib140]\]. Dual and pan-PPAR agonist have been seen to have a potential role in attenuating pulmonary fibrosis \[[@bib134]\]; however, there is need to have a better understanding of interactions among different isoforms.

Other preclinical studied drug focused on modulate metabolism perturbations ([Fig. 2](#fig2){ref-type="fig"}), which effect is indirectly related with the mitochondria, is metformin (and possibly other AMPK activators). Metformin, which target energy sensor AMPK, shows promising therapeutic effects in pulmonary fibrosis. Restoring AMPK activity in IPF myofibroblast reduces their profibrotic phenotype liked to an enhanced mitochondrial biogenesis, and by the other hand, metformin accelerated the fibrotic resolution in bleomycin-injured mice \[[@bib91]\]. Finally, there is a growing interest in drugs that improves the glycolytic flux. Some of them, including 2-Deoxyglucose, 3-bromopyruvate, Tipelukast, and 3PO (3-(3-pyridinyl)−1-(4-pyridinyl)−2-propen-1-one) have been seen that reduce fibrosis by reducing myofibroblast collagen production meanwhile restoring glycolysis \[[@bib134]\]. However, further studies are required in this field.

Taken together, the definition of abnormalities in mitochondria function and metabolism in the IPF lung cells open a new avenue of therapeutic approaches. We anticipate therapies based in these novel pathogenic insights will improve survival and life quality of IPF patients.
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[^1]: ETC: electron transport chain. OCR: oxygen consumption rate. AECII: alveolar epithelial cell. MHV68: murine gamma-herpesvirus 68.
